Human l-globin was synthesized in Escherichia coli as a cleavable fusion protein, using the expression vector pLcIIFX-globmin [Nagai, K. & Th0gersen, H. C. (1984 Expression of cloned genes in appropriate host cells has made it possible to study protein functions by site-directed mutagenesis (1-5). Studies of hemoglobin (Hb) by this method are of particular interest since it is the only allosteric protein whose structures have been solved to atomic resolution in both the T (tight) and R (relaxed) states (6, 7). Subunit interaction, binding of various allosteric effectors, and interaction of oxygen with residues in the heme pocket can be studied in detail by introducing various mutations. The
[Cys-93f-+Ser] and Hb Daphne [Cys-93fi-*Ser, His-1433-* Arg]) were constructed by site-directed mutagenesis using synthetic oligonucleotides. Hb Nympheas showed a slightly increased oxygen afiity and diminished cooperativity with normal 2,3-diphosphoglyteric acid and slightly reduced alkaline Bohr effects. Hb Daphne showed low cooperativity with high oxygen affinity. The alkaline Bohr effect was slightly reduced but the diphosphoglycerate effect was enhanced by 50% by the His-143j3--Arg mutation. As arginine is fully charged at physiological pH and has a long flexible side chain, diphosphoglycerate binds more strongly to Hb Daphne.
Expression of cloned genes in appropriate host cells has made it possible to study protein functions by site-directed mutagenesis (1) (2) (3) (4) (5) . Studies of hemoglobin (Hb) by this method are of particular interest since it is the only allosteric protein whose structures have been solved to atomic resolution in both the T (tight) and R (relaxed) states (6, 7) . Subunit interaction, binding of various allosteric effectors, and interaction of oxygen with residues in the heme pocket can be studied in detail by introducing various mutations. The effects of such mutations on the electronic state of the heme and the mode of ligand binding can be studied spectroscop- ically (8) .
We have developed a cleavable fusion protein expression vector to produce P-globin in Escherichia coli in amounts sufficient for biochemical and x-ray crystallographic studies (9) . This method has several advantages over conventional ones. Because the ,3-globin coding sequence is joined to a short coding sequence of the X cII gene, translation of the mRNA is initiated at the cII gene with extremely high efficiency. The sequence encoding the tetrapeptide Ile-GluGly-Arg was inserted at the junction between the cII and the /3-globin sequences. This is the tetrapeptide that precedes two cleavage sites for blood coagulation factor Xa in prothrombin (10) . As a result, the fusioh protein, cIIFXjglobin, is cleaved by fdctor Xa only at the peptide bond following the tetrapeptide, and the authentic f-globin is liberated (9) . In most eukaryotic proteins produced in E. coli by conventional methods, an extra methionine residue arising from the initiation codon remains attached to the amino terminus (12 Characterization of Hb Reconstituted with 3-Globin Synthesized in E. coil. Fig. 3 shows NaDodSO4/polyacrylamide gel analyses of Hb at various stages of purification (9) . The cIIFX,3globin fusion protein represents about 5-10%o of the total cellular protein. The first pellet contained some membrane proteins but, after the Triton X-100 washing step, cIIFXf3-globin was more than 90% pure and essentially free from the membrane fraction. The fusion protein was purified by two chromatographic steps to remove any trace of impurities that might prevent folding. Wild type and the Cys-93f->Ser mutant of cIIFX3-globin were cleaved by coagulation factor Xa only at the peptide bond following the Ile-Glu-Gly-Arg sequence. No further cleavages took place even after prolonged incubation. On the other hand, the His-143p-)Arg mutant was also cleaved at the Arg-Lys bond between residues 143 and 144 in f-globin, and the reaction was stopped at 90%o completion by addition of 1 known as the Bohr effect, is given by Alog P50/ApH, and the diphosphoglycerate (DPG) effect by log P9 oP" -log P0J, where pDoPG and P"J are partial oxygen pressures at 50%6 saturation in the presence and absence (str indicates stripped) of diphosphoglycerate. At pH >7, Hb A (E. cola) had a slightly increased oxygen affinity and reduced cooperativity compared to human Hb A. At pH <7, the oxygen affinity increased due to auto-oxidation of E. coli Hb, which was as much as 12% after the measurement. Between pH 7 and 8, the alkaline Bohr effect and the diphosphoglycerate effects were identical in E. coli and human Hb A (Table 1) .
Hb Nymphdas (Cys-93fp-Ser) showed only slightly increased oxygen affinity and reduced cooperativity, a slightly reduced alkaline Bohr effect, and a normal diphosphoglycerate effect, but Hb Daphne showed a high oxygen affinity and reduced cooperativity, implying that the T state is destabi- (19) .
Cys-93,B is conserved in all mammalian Hbs but is replaced by serine in some fish Hbs, which exhibit the Root effect. This consists of a drastic lowering of the oxygen affinity and cooperativity as the pH drops from 7 to 6. Perutz and Brunori (20) proposed that the replacement of Cys-93f3 by serine might explain the Root effect, because the serine hydroxyl would make strong hydrogen bonds with the carboxylterminal histidine, which would stabilize its salt bridge with Asp-94,3 in the quaternary deoxy structure at acid pH. Our results show that the single replacement Cys-93p-*Ser is not sufficient to generate these bonds in human deoxyhemoglobin and that additional replacements may be necessary to bring the serine and the histidine together.
The replacement His-143/3-*Arg was chosen because it would halve the acid Bohr effect, which is absent from teleost fish Hbs, and also because it lowers cooperativity at high pH, which is a property of these fish Hbs. Observations on hemoglobins Abruzzo (His-1433-+Arg) (21) and Hb Daphne (Cys-93P-+Ser, His-143/3-*Arg) show that this replacement does have that effect because the extra positive charge in the central cavity destabilizes the T structure. The substitution also enhances the interaction with diphosphoglycerate.
We have shown that active Hb can be reconstituted from human 3globin produced in E. coli; therefore, any mutant Hb can now be prepared by site-directed mutagenesis. Our method should provide a useful tool for studying the mechanism of allosteric control, folding, and molecular evolution of protein molecules.
Note Added in Proof. Deoxy Hb Nympheas has been crystallized, and x-ray diffraction data has been collected to 2.8 A. A difference Fourier of deoxy Hb (Nymphdas minus A) shows a strong negative peak on the sulfur of Cys-93(3 and weaker pairs of positive and negative density nearby. There is no significant density elsewhere, which confirms that there is no other difference between the (3 chain made in E. coli and the native human one. The map shows that the hydroxyl group of Ser-93/3 forms a hydrogen bond with Asp-94/3 that is in equilibrium with the normal bond between Asp-94 (3 and 
